Abstract: The cis-fused tricyclic dienone 13 is Ute major product formed from intramokxxlar Heck cyclization of the dienyl triflate I2 (Scheme I). SimiIarly, the c~-he~y~b~~~~e 22 is form& ia good yieid &urn Heck cyclization of the aryl M&e 21. lids failer convezsion dcmonstmtes that allylic ether su~ti~~~ is compatiile with in~olec~~ Heck ckemistty and suggests applications of this chemistry in the synthesis of highly oxidized
isolated from Phyllobates aurotaenia and the poison-dart frog Dendrobates terribilis, and the complex cardenolide ouabain (2), the active water-soluble extract of the ouabaio tree, which has been long used in East
Africa as an arrow poison.* Baaachotoxin A is an essential tool in mechanistic investigations of voltagedependent sodium channe1s.n while ouabain has attracted much recent attention as the long-sought digitalislike factor in plasma.8h In this paper we present our initial findings concerning the use of intramolecular Heck insertions for constructing cis-fused decalin components of polycyclic ring systems. We also report that intramolecular Heck insertions are not undermined by the presence of allylic oxygen substitution, and thus hold considerable promise for the assembly of complex polyhydroxylated cardenolides such as ouabain (2). A strategy for assembling a tricyciic precursor of the A-C rings of ouabain is outlined in Fig. 2 . The key step in this sequence is the projected intramolecular Heck insertion of the alkenyl aryl &late 7 to form the &fused tricycle 6. This latter intermediate would contain the required angular substiments at C(5) and C(M) of ouabain, as well as alkene functionality in the A ring that would plausibly aRow further function~zation to reach 5 and 4 (e.g., R' = OR). Success in the critical conversion of 7 -+ 6 would depend on the intramolecular Heck reaction occurring faster than potentially competing x-ally1 palladium chemistry arising 4 5 6 7
Fig. 2. One plan for the synthesis of the A. 5, and C rings of ouabain.
from the two allylic oxygen substituents present in 7. 9 We assumed at the outset that x-allyl palladium chemistry would be minimized if the oxygen protecting groups were chosen to make OR a poor leaving gmup.
Our expectation that cyclization of 7 would produce the cis tricyclic product 6 followed directly from the established preference for intramolecular Heck insertions to take place with eclipsed (rather than twisted) o~en~tions of the Pd-C CT and alkene x bonds (Fig. 3 ). b;aa The eclipsed mode of insertion of 7 that would lead to 6 is illustrated in insertion conformer 8. 23.4, 27.2, 27.5, 31.7, 32.4, 36.3, 51.0, 121.1, 135.0; IR (film) 3044, 2972 IR (film) 3044, , 2924 IR (film) 3044, , 2852 IR (film) 3044, , 1456 IR (film) 3044, . 1448 IR (film) 3044, , 1374 IR (film) 3044, , 1350 IR (film) 3044, , 1218 , 1170 cm-l; MS(C1) m/z 279.0578 (279.0612 calcd. for Cl lH201, MH), 278,222,205. 177, 162,151,149.123,112,109,95,81. 2-(2-(2,6,6-Trimethyl-2-cyclohexenyl)ethyl)J-(trifluoromethylsulfonyl)oxy-cyclohexenone (12).
RESULTS AND DISCUSSION
Following the general procedure of Piers," a solution of 1,5-dimethoxy-1,4-cyclohexadiene (320 mg, 2.3 mmol) and dry THF (2.3 mL) was added dropwise to a solution of terr-BuLi (1.5 mL, 2.5 mmol of a 1.68 M solution in pentane) and dry THF (13 mL) at -78 'C. The resulting yellow solution was stirred for 1 h at -78' C, HMPA (530 p.L, 3.05 mmol) was added and the resulting orange-red solution was stirred for 15 min at -78 'C. A solution of iodide 10 (707 mg, 2.54 mmol) and dry TIiF (2.3 mL) then was added dropwise at -78 'C and after 15 min the reaction was allowed to warm to 23 "C. After 2 h, the mixture was quenched with brine (25 mL) and extracted with pentane (3 x 25 mL). The combined pentane layers were washed (brine), dried (MgS04) and concentrated to yield 709 mg (-100%) of the alkylation product as a pale yellow oil, which was used immediately without further purification: MS(E1) m/z 290.2242 (290.2246 calcd. for ClgH3002. M).
This crude material was purged with Ar. dissolved in acetone (11 mL, previously purged for 15 min with Ar), then 1N HCI (3.5 mL, 3.50 mmol, previously purged for 15 min with Ar) was added with vigorous stirring. After 4 h, the reaction was concentrated and the residue partitioned between brine (50 mL) and CH2Cl2 (4 x 50 mL). The combined organic layers were washed (brine), dried (MgS04) and concentrated. A solution of a portion of this dione sample (340 mg, 1.30 mmol) and dry THF (2.8 mL) was added dropwise at 0 "C to a suspension of NaH (55 mg of a 60% dispersion in mineral oil, 1.4 mmol ) and dry THF (1.4 mL). After H2-evolution ceased (-10 min), the mixture was stirred for 30 min at 23 "C and then cooled to 0 'C. A solution of N-phenyl-trifluoromethanesulfonylimide (509 mg, 1.42 mmol) and dry THF (1.4 mL) then was added dropwise and the resulting mixture was warmed to 23 'C! and then to 60 Y!. After sting for 16 h at 60 OC!, the reaction was diluted with ether (50 mL), washed (saturated aqueous NaHC03), dried 2,20.4, 22.8,23.5,26.6,29.5, 29.9,32.8, 37.7,40.1,42.9,47.5, 125.9. 131.4, 131.9, 162.0, 199.4; IR (film) 3020.2950 IR (film) 3020. ,2938 IR (film) 3020. .2897 IR (film) 3020. ,2867 IR (film) 3020. ,2833 IR (film) 3020. , 1665 IR (film) 3020. , 1622 IR (film) 3020. , 1464 IR (film) 3020. , 1456 IR (film) 3020. , 1436 IR (film) 3020. , 1378 IR (film) 3020. , 1366 IR (film) 3020. , 1325 IR (film) 3020. , 1296 IR (film) 3020. , 1197 IR (film) 3020. , 1188 IR (film) 3020. , 1131 23.0, 25.9, 26.5, 29.0, 31.8, 37.6, 39.2, 47.6, 120.0, 130.9, 138.0, 163.5, 199 .8.
Hydrogenation of 13 and 14 to Form Tricyclic Enone 15. A solution of a -2:1 mixture of enones 13 and 14 (24 mg, 0.10 mmol), dry benzene (5 mL) and (Ph3P)3RhCl(l5 mg, 0.02 mmol) was shaken in a Parrmedium pressure hydrogenation apparatus at 50 psi for 9 h at 23 "C. The reaction mixture then was adsorbed 3,20.4,20.7,22.7,23.2,25.8, 31.4.32.5, 34.6, 37.1, 37.5, 39.0, 42.6,49.2, 132.6, 163.1, 199.5; MS(EI) m/z 246.1980 (246.1984 calcd for Cl7H26O, M, 48%), 247 (lOO%), 231(11%).
2-~enzyloxymethyt)-2.cyclohexenone (17)
. A solution of tert-BuLi (31.5 mL, 53.6 mmol, 1.7 M in pentane) was added dropwise to a cold (-78 "C) solution of bromoketal16 (5.34 g. 24.4 mmoi) and THF (60 mLf. After 30 min the reaction was warmed to -40 "C!, m~nt~ned at that tern~m~ for 15 min and then retooled to -78 'C. Solid CuCN (1.14 g, 12.7 mmol, dried azeotropically 2x with 2mL of toluene) was added in one portion, and the reaction was warmed to -40 "C and stirred until the CuCN was completely dissolved (-10 min). After retooling to -78 OC, a solution of chloromethyl benzyl ether (7.45 mL, 53.6 mmol, fteshly distilled and filtered through basic alumina before use) and THF (5 mL) was added dropwise and the reaction was allowed to warm to 0 'C. Water (10 mL) and saturated aqueous solution of NH4Cl(4 mL) were added, and the resulting mixture was stirred vigorously until TLC (3:l hexane-EtOAc) confirmed that deketalization was complete. The organic phase then was washed (2 N NIQOH, H20, brine), dried (MgS04 25.6,3&l, 66.8,72-g, 127.5, 127.6,128.3,136.3,138.1, 146.4.198.5; IR (film) 3087,3063,3031, 1674 IR (film) 3087,3063,3031, , 1497 IR (film) 3087,3063,3031, , 1083 IR (film) 3087,3063,3031, ,1070 To a cold (-78 "C) solution of 2,6-lutidine (3.34 mL, 28.7 mmol), reti-butyldimethylsilyl trifluoromethanesulfonate (4.54 g, 17.2 mmol) and THF (30 mL) was slowly added a THF solution (8 mL) of a comparable sample of this alcohol (1.4 g, 5.73 mmol). This solution was allowed to warm to 23 Y!, hexane (100 mL) was added and the resulting mixture was washed (1N HCI, saturated aqueous NH4C1, H20, brine).
After drying (MgS04), filtration and concentration gave an oil that was purified by flash chromatography 9, 18.5, 19.6,24.8,25.9,37.5,69.0, 72.5,76.2, 113.0, 124.2, 127.4. 127.6, 128.2, 137.5, 138.7, 143.1; IR (film) 3089, 3066, 3031, 1253 IR (film) 3089, 3066, 3031, , 1123 IR (film) 3089, 3066, 3031, , 1091 IR (film) 3089, 3066, 3031, ,1074 IR (film) 3089, 3066, 3031, ,1040 cm '1; MS (CI) m/z 359.2401 (359.2409 calcd for C22H3SO2Si. MI-I), 357, 302, 301, 251, 227, 209, 199, 183, 133, 121; Anal. Calcd for C22H3402Si: C, 73.69; H, 9.56; Found: C, 73 .65; H, 9.5 1.
trifluorometha~~ul~onate (21).
A solution of alkene 18 (308 mg, 0.856 mmol) and THF (0.5 mL) was ad&d to a cold (0 "C) THF solution of Q-BBN (3.44 mL, 1.72 mmol, 0.5 M). The resulting solution was stirred at 23 Y! for 10 min and then sonicated (micro tip, maximum output of a vibra cell sonicator) for 100 min. After cooling to 0 OC, a degassed aqueous solution of K3PO4 (0.57 mL, 1.7 mmol, 3 M) was added, the resulting mixture was stirred at 23 'C for 10 min (gas evolution was observed) and then PdCl2(dppf) (63 mg, 0.086 mmol) and a 'IHF solution (1 mL) of aryl iodide 19 (302 mg, 0.942 mmol) were added (the solution turned deep red). After stirring for 6.5 h at 50 T, the resulting light brown mixture was diluted with EtOAc, ? washed (NI-LtCl, H20, brine), and dried (MgS04). Concentration gave a brown oil that was dissolved in MeOH-THF (5 mL, 4:1), solid K2CO3 (180 mg, 1.3 mmol) was added and the resulting mixtum was stirred at 23 'C for 2 h. Extraction with CH2Ci2, washing (brine), drying (MgSO4) and concen~tion gave a brown oil, which was dissolved in THF (2 mL). An aqueous solution of NaOAc (1 mL, 3 M) was added followed by careful addition of 30% H202 (1 mL) at 0 OC and finally EtOH was added dropwise until the mixtme became homogeneous. After stirring for 1.5 h at 23 "C, this solution was concentrated, the residue was dissolved in EtOAc and washed (2 N NH4Cl, H20, brine), tied (MgS04) and concentrated to give a dark oil, which was chromatographed on silica gel (20~1 hexane-EtOAc) to give 57 mg (-15%) of 18 and 253 mg (65%) of 20 as a colorless oil (purity >QO% by *H-NMR and GC analysis), which was directly employed in the next step: MS(U) m/z 453.2814 (453.2825 calcd for C28H41038i, MH).
A solution of phenol 20 (253 mg, 0.56 mmol) and THF (2.8 mL) was treated with NaH (16 mg, 0.67 mmol) at 0 "C and the resulting mixture was stirred at 23 'C until al1 the NaH had reacted (-10 mm). Solid Nphenyl-~fluorometh~esulfonylimide (226 mg, 0.67 mmol) was added ~onwise at 0 OC!, the reaction was stitred for 1 h at 23 OC, EtOAc was added and the resulting solution was washed (brine), dried (MgS04) and (d, J = 11.7 Ha, lH), 5.91 (t, J = 3.7 Hz, 1H). 7.21-7.39 (m, 9H); l3C NMR (500 MI& CDC13) 6 -3.0, -1. 8, 18.5, 19.9,24.6, 25.2,26.0,35.1,40.4,69.5,72.4.75.2, 118.1 (q, J = 319 Hz), 121.1, 127.2, 127.45, 127.5, 127.8, 128.3, 128.4, 131.2, 135.7, 138.5.139.2.148.2; IR (film) 3060.3033, 1418 IR (film) 3060.3033, ,1250 IR (film) 3060.3033, ,1216 IR (film) 3060.3033, ,1142 IR (film) 3060.3033, , 1069 cm-l; MS(C1) m/z 585.2284 (585.2317 calcd for C2gHqtJF3OSSiS. MH), 527.470, 347, 345, 225, 213; Anal. Calcd for C2QH3gF30SSiS C, 59.56; H. 6.72; Found: C. 59.45; H, 6.67. 
